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I. INTRODUCTION

A previous paper examined the harmonic-oscillator model of

Drickamer et &l2I for the effects of high pressure on molecular, elec-

tronic spectra. The parameterization of the model by Okamoto et al
4

was reformulated to conform with the conclusions of Lin5 and tested on

* the data of Okamoto and Drickamer.6 Although the reformulation im-
k proved the agreement, the results were not entirely satisfying. As one

of the possible causes for discrepancies, I suggested anharmonicity.
For the next level of sophistication in this direction, the incorpora-
tion of the Morse potential suggests itself.

The present paper derives expressions analogous to those of Refer-
ence 1, based upon the Morse potential rather than the harmonic oscil-

lator. Since Lin 5 has shown that his quantum-mechanical treatment leads
to the Drickamer equations when the same assumptions are made, we shall
follow Drickamer's simpler and more transparent approach here. Part II

4 sunmarizes the approach and introduces the basic equations that will be
* required. The expressions for peak height are derived in Part III, and

those for bandwidth in Part IV. Part V casts the expressions in a
compact form suitable for experimental testing, and Part VI makes con-
cluding remarks. The Appendix lists several expansions in Maclaurin
series that are used in the text.

II. GENERAL CONSIDERATIONS

We assume that pressure couples to a Morse potential along a single
configuration coordinate, viz., volume. The potential functions of
the ground and excited electronic states are then given, respectively,
by

2V=D(l - e8a + cpQ (2.1)
and V* D*(1 - •- O*(Qq)) 2+ rcpQ + Eo o (2.2)

1. Tompkins, R.C., J. Chem. Phys. 69, 579 (1978).
la. Tompkins, R.C., Effects of High Pressure on Molecular Electronic

Spectra: A Comparison of Models, BRL R No. 2014, (1977). (A045414)
2. Drickamer, H.G., Frank, C.W., and Slichter, C.P., Proc. Nat. Acad.

Sci. (USA) 69, 933 (1972).
• 3. Drickamer, H.G., and Frank, C.W., "Electronic Transitions and the

High Pressure Chemistry and Physics of Solids, "London: Chapman
and Hall (1943).

4. Okamoto, B.Y., Drotning, W.E., and Drickamer, H.G., Proc. Nat.
Acad. Sci. (USA) 71, 2671 (1973).

5. Lin, S.H. J. Chem. Phys, 59, 4458 (1973)
6. Okamoto, B.Y., and Drickamer, H.G., J. Chem. Phys. 61, 2870 (1974).
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where D, 0, D*, 0*, c are constants, p is pressure, Q is the configura-
tion coordinate, r is the ratio of the coupling constant in the excited
state to that in the ground state, and Eand q are the energy and co-
ordinate separations, respectively, between the potential minima. Note
that when the Morse function is reduced to the harmonic function, we

obtain w2of References 1-6 as 20 D.

We shall obtain an expression for the optical absorption energy by
projecting the minimum of eq. (2.1) upon eq. (2.2) in accordance with
the Franck-Condon princip~le, "and mutatis mutandis for emission. We shall
obtain the bandwidths by projecti-ng the terminal points of oscillation
of the lowest vibrational level.

Differentiation of eqs. (2.1) and (2.2) yields

3/Q= 20DeOQ(U - e 0Q) + cp (2.3)
and -B

3V*/aQ = 2RpODye PB(1 - ye PO) + rcp, (2.4)

where R = D*/D, p = 0*/0, and y = e" 8q .Setting these expressions
equal to zero and solving as quadratic equations in the exponentials,
we obtain

eOm = (l + vl+2cp/OD )(2.5)

and

-PQ (1 +Y' 1+2rcp/gp D/2y. (2.6)

Hence

*m - [log 2 - log(l + l-+2cpIBD)]/o (2.7)

and

=q + [log 2 - log(l + Vl+2rcp/RpOU)J/p$. (2.8)

The potential minima are then

* V = D~l - l+2cp/D) +I + 2[log 2 - log(l + 'l+2cP/BD)]c (29V m hl- 1+2cpFD +2087 p 29

and

=* hRDGl - Vl+2rcp/RpD) + cr(2.10)

+1 +2[los 2 - log(l + 2rcp/R D)1 cp

6
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It will be convenient to obtain at this point certain other quan-7
tities that will be required in the sequel. Differentiation of eqs.
(2.9) and (2.10) with respect-to pressure yields

V, (p) =2bD~eO%(1 -0%') + c(-'p + Q)(2.11)

and

V*1 (p) = 2ROy* o( - ye-P OQm) + rc(Q1*04Q). (.2

Evaluating eqs. (2.7) - (2.12) at p-0, we obtain

Qm (0) M 0, (2.13)

VM(0) = 0, (2.14)

V,(0 0, (2.15)
Q( () =q, (2.16)

V*(0) =E , (2.17)

and

V*' (0) =rcq. (2.18)in

(We shall not require Q4 (0) orV 0.

III. PEAK HEIGHT

A. Absorption.

We project the potential minimumn of the ground state upon the
potential function of the excited state by substituting eq. (2.7) into
eq. (2.2):

V* =m 110( - 2Y(l + /1_+2cP_/"D) '/2p+ Y2 (1 + /le+2cp/8D) 2p/2 2 P,

(3.1)

+ rc[log 2 - log(l + /l.2cp/8D)]p/0 + E0

Subtraction of eq. (2.9) yields the optical absorption energy,

7



It will be convenient to obtain at this'point certain other quan-7
tities that will be required in the sequel. Differentiation of eqs.
(2.9) and (2.10) with respect-to pressure yields

~(p) = D-l (2.11)

and

V*1 (p) = 2Rp ODyQ*1 e'P 09(, - ye inQ~) + rc(Q,'iae6Q%). (2.12)

Evaluating eqs. (2.7) -(2.12) at p=0, we obtain

Qm(0) a 0, (2.13)

V(0) = 0. (2.14)

V, (0) -0, (2.15)

% (0) =q, (2.16)

VM*(0) =E, (2..L7)

and

V*' (0) = rcq. (2.18)

(We shall not require Q ,(O) orV(0.

III. PEAK HEIGHT

A. Absorption.

We project the potential minimum of the ground state upon the
potential function of the excited state by substituting eq. (2.7) into
eq. (2.2):

V*(Qm) =RD[l - 2y(1 + /lo2cp/8D)P/2P+ y (i + vl+2-cp/BD 22

(3.1)

+ rC[log 2 - log(l + /'l+2cpob)]p/o + E0

Subtraction of eq. (2.9) yields the optical absorption energy,

7



ea W V* (QM) -V 3

=RDy2-P(l + r.'l2cp0D)P[2-Py(l + 1+2cp/0D)P 2] + K
(3.2)

*+31DV1+2cp7/0D -cp/20 + (cp/B)(l-r)[log(l + VI+-2cp/0D) -log 2],

where K = E0 + D(R - ).which is independent of pressure.

The experiments of Okamoto and Drcae67have provided convinc-
ing: evidence that P is a quadratic function of p. Therefore, we shall

expand eq. (3.2) in a Maclaurin series to second order in p, using
- eqs. (A.1). (A.2), and (A.3). After subtracting the energy at zero

pressure, we obtain the pressure shift of the absorption peak,

Rp* - 1 ep + Rp y[p (2y - 1) -- 3 (y - 2)] + (1 - 2r) 2 2

cp0 2D

(3.3)

B. Emission.

We project the potential minimum of the excited state upon the
potential function of the ground state by substituting eq. (2.8) into
eq. (2. 1):

* V(%~) *D[l - 2rlL. +R D i/P + (l + 4+2rcp/Rp0!D) 2/p1

(3.4)

-I+ cpq + (cp/pa) (log 2 - log(l + V+rpRB)

Subtraction from eq. (2.10) yields the optical emission energy,

1 f/p(l + l+2rcp/-R 5, 1/p[ 1 + .'l+2rcP/R-ID.l/P]

- RDV1+2rcp/RpBD + rcp/20D + (r - l)cqp (33S)

+ (cp/ps)(r - 1) (log 2 - log(l + Vl+2rcp/RpOD) + K',

7. Okamoto, B.Y., and Drickamer, H.G., J. Chem. Phys., 6-1, 2870 (1974)..



where k' = Eo + (R/2 - 1)D, which is independent of pressure. Again

we expand in Maclaurin series to second order in p, using eqs. (A.4),
(A.5), and (A.6), and subtract the energy at zero pressure. The pres-
sure shift of the emission peak is then,

= ry-/ - y-/P) + (r - 1) 2qcp
e Rp 2a

(3.6)

r y-l/P{r[(l - 2y -llp 3p(l - y a)] R(2-r) 2 2

4R2p2 $2 D

IV. BANDWIDTH

A. Absorption.

Let us represent the terminal points of oscillation in the lowest
vibrational state of the electronic ground state by Q+ and Q_ (collec-

tively, Q_). Then the bandwidth is given by the energy difference

between their projections upon the potential function of the excited
state:

- E *RD( 
2 - (l-y) 2 + rcCQ+-Q_)p, (4.1)

where

e (4.2)

It will be convenient to rearrange eq. (4.1) in the form

E _E Ryfy [( +~~ 2(*P - *P)] + rc(Q+-Q )p. (4.3)

Following the experimental evidence of References 6 and 7 that the band-
width is a linear function of pressure, let us expand the bandwidth
in a Maxlaurin series to first order in p:

E*-E. = (E:-E*) o + (E-E.),P, (4.4)

where a zero subscript denotes evaluation at p=O, and a prime denotes
a derivative with respect to p. Differentiation of eq. (4.3) yields

9



(E* -*) i 2RDPY[(# 4 ~~--

+ rc(Q~ + Q_) + re(Q'+ - Q )p.

The energy at the terminal points of oscillation cai ,e expressed
by Dol - 02 + qp= V+ kT/2, (4.6)

where k is the Boltzmann constant and T is temperature. Although this
transcendental equation cannot be solved analytically for Qwe can

evaluate it at p 0O with the aid of eq. (2.14). Defining a= vkT/'2D,
we have

1 - * (0) = ±a(4.7)

or

4 *(0) = 1 T-a (4.8)

and

Q,(0) =-log(l TWO~ (4.9)

The signs have been chosen such that Q+(0)>0 and Q-(0)<0.

The implicit differentiation of eqs. C4.2) and (4.6) with respect

to p yields

-0Q,.e- Q (4.10)

and
-2DO' (1 - + CQp+C± = V' (4.11)± -~~ .g~c'.~pm

Recalling eq. (2.15), we obtain

±0 c log(l T. (4.12)2ctOD

and

Q/ () =-*(0) (4.13)
Of+(0)

10



Evaluation of eq. (4.3) and (4.5) at p=O introduces complicated:1 functions of a. Since the energy at the potential minimum is certainly
much less than the dissociation energy, D, a << 1. Therefore, we can
simplify by means of Maclaurin series in a (eqs. (A.7), (A.8), and
(A.9)), retaining only the first nonvanishing: power of a. Thus, we
obtain

(E* - E ) 0 =4RDayp (I - y) .(4.14)

a d (E: - E*)' = (Rc yp /)[2 .p 3 -y(4p - 3)] + 2rca/B. (4.15)
+ -o0

Substituting eqs. (4.14) and (4.15) into eq. 4.4, we have

(4.16)
E- E* 4RDayp(l - y) + (caL/0) {Ryp[2p-3 - y(4p-3)] + 2rlp.

The Gaussian half-width is obtained by multiplying by (2 log2))1 :

La4Ryp(l-y)(kTD log2)h + [c(kT log2) 1 aVD] {Ryp[2p-3-y(4p-3)]

(4.17)
+ 2r~p.

B. Emission.

Analogous to eq. (4.1) we have

- E =D[.(l 1 :/p)2 ~(I *_l/p) 2 ] + c(Q - Q*)p , (4.18)

where

=e .Q (4.19)

Rewrite eq. (4.18) as

E E = D[(* 2 /p _ ** 2 /p) - 2 (#*'/P - f**/P)] + c(Q* - Q*)p. (4.20)

Then

12/ -E)' *1 02p10 =-

(E E_ 2D/P (W -) - w*lPl:

(4.21)

)I- + c(Q - Q*) + c(Q*' - Q*I)p.



IM/I IW

The energy at the terminal points of oscillation in the excited state

RD(l -o + rcQtp + Boa V + kT/2. (4.22)

Defining a* = kT2RD and recalling eq. (2.17), we have

1 -yo*(O) =±c*(4.23)

01 = (1 T *)/Y (4.24)

4 and

Q*(O) = q - o~ t)(4.25)
± P$

Furthermore,

0/ = ..p$Q* 1e -PO:(4.26)

and

-2RDyO+* (I -yo*) + rc(Q'p + Q*) =V*', (4.27)
- ± m

whence with eq. (2.18)

0*/ (0) T ; rc log(IT a * (4.28)

± 2Rp$Da*y

and

Q*I 0) T rc log(l T *) (.9

U 2 22Dc*(l T *

Applying Maclaurin series as before, we have

E E = (E~ -E_) + (E~ E-+ + /p0 p (4.30)
D*(ylP 1) O -2' /P(43

2p +_ {j_( 21p~
PyPO Rpyz/

12



and the Gaussian half-width,

1/ 2/p/
C ~kDlog 2)( UP

+ S_ kT log 2 hr[(2-2p)yl/-( 4-3p)]+ 21p .(4.31)

PO RD ~ 2/p

V. PANSYNTHESIS

It remains to cast the model in a form convenient for application
to experimental data. Following the procedure adopted in Reference 1,
we square eqs. (4.17) and (4.31) and subtract the terms independent of
pressure to obtain

6e2IN 2 (c/O)Ryp(l-y) {Ryp[2p-3-y(4p-3)] + 2r~pa

+ c2/808 D){Ryp[2p-3-y(4p-3)] + 2r} p2

and

Se 2IN 2 (c/Rp 2 y 2/){r[(2-py/ (43)Ry2p+21
e

(5.2)

+ c/8RDp 8 )(r[(2-2p)yl/-4-3p) /RPY2/ 2

where, as in Ref. 1, N - (BkT log 2).

Spectroscopic measurements such as those of References 6 and 7I
can be expressed in the form

6ea= alp + aP2(5.3)

2aee a e ap + e2p, (5.4)

6Ca d aPi (5.5)

and

6C= d pt (5.6)

where the coefficients on the right are empirical fitting parameters.

13
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As was pointed out in Ref. 1, we can write

6C2 IN 2 E= + DP2(5.7)a aEp

and

eC2I 2EeP + DeP2 (5.8)

2 2 2 owhere E =d COIN ,D d IN , e is the absorption half-width ata a a a a a
zero pressure, etc.

Equations (5.1) - (5.8) with eqs. (3.3) and (3.6) give us finally,
defining a /c,

1 Rpy(y - )~,(5.9)

2-

E a =Rpy(1-y){Rpy[2p-3-y(4p-3)] + 2r)/26, (5.11)

D a = {Rpy[2p-3-y(4p- 3)] + 2r 2  -2(512

e 1 = ry 1/ (l...fl/P)/jR 2- + q(r-1). (5.13)

e2= rylPr(-ylP3~-~/~ + R(2-r))/4R 2p2 D, (5.14)

Ee = {r[(2-2p)yl/e(4-3p) /RPY2 'p + 21/2RP 2 6y21/(515

D =r(-pYlP(-p ]/ 2/p + 2)2/ B 2 2
e (r(-py(-p]Ry/Rp~.(5.16)

VI. CONCLUDING REMARKS

2,3,4Proceeding in the spirit of Drickamer et al ,we have derived
from a Morse potential a set of equations for evaluating the configura-
tion-coordinate parameters that describe the effects of high pressure
on optical absorption and emission spectra. These eight equations
relate seven unknown parameters (&o Do q, R. rop) to eight experimentvlly
accessible quantities. We have made the following assumptions:

14



$1. The pressure dependence of peak height is second order, and'
that of bandwidth first order.

2. The constants in the Morse function, B and D, are independent
of pressure.

3. The parameters can be regarded as averages over all normal
modes and configuration coordinates.

The first assumption is consistent with experimental evidence6'7. The
5second assumption is suggested by Lin's conclusions from first-order

perturbation theory in the harmonic approximation. The third assump-
tion is necessary to avoid an intractable proliferation of parameters.
If future experimental results should force a relaxation of the first
assumption, it is necessary only to carry the Maclaurin expansions to
higher order.

Resources are not at present available to exercise eqs. (5.9) -
(5.16) on the experimental data. It might even be questioned whether
such an endeavor is worthwhile until more data are at hand. In prin-
ciple the Morse potential should be more accurate than the harmonic
oscillator. It would be desirable to have a perturbation treatment

S
similar to that applied by Lin for the harmonic oscillator.

The significant work by Berry and Williams
8 and Curie and Williams9

in deriving a model of pressure effects from first principles has come
to my attention since completing the work presented here. Although
their model in its harmonic approximation works well for inorganic
crystals, it is, like the original Drickamer model, qualitatively incon-
sistent with experiments on aromatics. However, a Morse treatment of
that model along the lines of the present paper may bear fruit.

Reference la details the motivation of this work from an interest
in pressure effects on burning rates of propellants. It has now be-
come clear that the effects under study are unlikely to change dissocia-
tion energy sufficiently to influence reaction rates. Since this
approach to propellant phenomenology no longer appears promising, the
work has been discontinued.

8. Berry, D., and Williams, F., Acta Physica Polomica A54, 705 (1978).
9. Curie, D. and Williams, F., in Luminescence of Inorganic Solids,

B. Di Bartolo ed., New York: Plenum Press (1978).

15

LLA



Acknowledgements

I am most indebted to Professor Ferd Williams and Dr. David E. Berry
for stimulating discussion, for helpful suggestions on this paper, and
for preprints of their papers.

F1I

! 16



1. Tompkins, R.C., J. Chem. Phys. 69, 579 (1978).

2. Drickamer, H.G., Frank, C.W., and Slichter, C.P., Proc. Nat. Acad.
Sci. (USA). 69, 933 (1972).

3. Drickamer, H.G., and Frank, C.W., "Electronic Transitions and the
High Pressure Chemistry and Physics of Solids, "London: Chapman
and Hall (1943).

4. Okamoto, B.Y., Drotning, W.E., and Drickaner, H.G., Proc. Nat.
Acad. Sci. (USA) 71, 2671 (1973).

S. Lin, S.H., J. Chem. Phys, 59, 4458 (1973).

6. Okamuoto, B.Y., and Drickamer, H.G., J. Chem. Phys., 61, 2870 (1974).

7. Okamoto, B.Y., and Drickamer, H.G., J. Chem. Phys., 61, 2878 (1974).

8. Berry, D., and Williams, F., Acta Physica Polomica A54, 705 (1978).

<I9. Curie, D. and Williams, F., in Luminescence of Inorganic Solids,
B. Di Bartolo ed., New York: Plenum Press (1978).

17



APPENDIX

This appendix gives the requisite expansions in Maclaurin series.

Vl+-2cp[OBD = 1 +.cp/OD - c 2p 2/20B D 2+ .. (A.1)

log(l + .l+Zcp/8D) = log 2 + cp/20D - 3c 2p 2/402 D 2+ .. (A.2)

[(1 + Yrl+2cp/8D)/2]P = a + pcp/20D + p(p-3)c 2p 2/880 D 2+ .. (A.3)

v'1+2rcp/RPOD = 1 + rcp/RpOD - r c p2/2R p282D2 + .. (A.4)

______2 22 2 22 24 log(l + Vl+2rcp/RpOD) = log 2 + rcp/2RpOD - 3r c p /4R p a D + Ws (.)

[(1 + .l+2rcp/Rp8D)/2]"/P = 1 + rcp/2RP 2 OD

+r 2c 2(l-3p)p /8R 2p 4 82D 2

2 3
log(l ±a) a - ha -+(1/3)a~- . (A.7)

*(I ± 1) aa +;(a-l)a 2±[a (a-l1) (a-2) ]a /6 + .. (A.8)

(1 ± ca)Glog(l ±a) a c + h(2a-l)a 3Q-2 ] /6.. (A.9)
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USER EVALUATION OF REPORT

Please take a few minutes to answer the questions below; tear out
this sheet and return it to Director, US Army Ballistic Research
Laboratory, ARRADCOM, ATTN: DRDAR-TSB, Aberdeen Proving Ground,
Maryland 21005. Your comments will provide us with information
for improving future reports.

1. BRL Report Number__________ _________

2. Does this report satisfy a need? (Comment on purpose, related

project, or other area of interest for which report will be used.)

3. How, specifically, is the report being used? (Information
source, design data or procedure, management procedure, source of
ideas, etc.)___________________________

4. Has the information in this report led to any quantitative
savings as far as man-hours/contract dollars saved, operating costs
avoided, efficiencies achieved, etc.? If so, please elaborate.

S. General Comments (Indicate what you think should be changed to
make this report and future reports of this type more responsive
to your needs, more usable, improve readability, etc.)______

6. If you would like to be contacted by the personnel who prepared
this report to raise specific questions or discuss the topic,
please fill in the following information.

Name:_

Telephone Number:_____________________

Organization Address;______________________
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